The origin of most of the electron paramagnetic resonances obtained at low temperature and low microwave power from heart tissue and subcellular fractions derived therefrom is now understood. A signal that emerges on partial reduction with characteristic lines at 3227 G (0.3227 tesla) and 3309 G (0.3309 tesla) (at 9.2 GHz) and disappears again on full reduction has remained unidentified. According to its behavior on oxidation-reduction, the substance giving rise to this signal has the properties of a two-electron acceptor. The signal is strongly dependent on temperature and can only be well resolved at <20°K. It is readily elicited in submitochondrial particles by partial reduction, but has not been observed in submitochondrial particles from which ubiquinone has been removed by pentane extraction. When ubiquinone is reincorporated into extracted submitochondrial particles, the signal is again easily produced by partial reduction. Electron paramagnetic resonance spectra of partially reduced submitochondrial particles recorded at 34 GHz show lines centered about g 2 with the same separation (-82 G; -0.0082 tesla) as do 9.2 GHz spectra, whereas no lines are detected with a separation of approximately 82 X 34/9.2 G (0.0082 X 3419.2 tesla). We suggest, on the basis of these observations, that the unidentified signal arises from an interaction of ubisemiquinone and a second paramagnetic species. Three obvious choices exist concerning this second species: ubisemiquinone, flavin semiquinone, or an iron-sulfur center. It is not possible without much additional information to decide between these possibilities. Since we have never observed the signal in the absence of the membranebound, high-potential type iron-sulfur protein, we have considered involvement of this species in the interaction. However, according to computer simulations of the observed electron paramagnetic resonance spectra, which yield best fits for semiquinone-semiquinone interaction, the possibility that ubi-or flavin semiquinone is the interaction partner appears more likely at this time. The interaction appears to be of the magnetic dipole-dipole type, but it is not certain whether there is also a contribution from spin exchange coupling. If it is assumed that the signal is due to magnetic dipole-dipole interaction, the distance of the partners is <7.7 A.
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In recent efforts in our laboratory (1, 2) to identify the electron paramagnetic resonance (EPR) detectable components of heart mitochondria, the EPR signals of two unidentified electron acceptors and their response to oxidation-reduction were described. These signals were also seen in whole heart tissue, excluding any artifactual origin. These signals show derivative peaks at 3253 G (max) (0.3253 tesla) and 3281 G (min) (0.3281 tesla) and at 3227 G (max) (0.3227 tesla) and 3309 G (min) (0.3309 tesla), at 9.213 GHz, respectively (see Fig. 1 ). Both signals are very sensitive to temperature. They are only detectable at temperatures below 250K. The species with peaks at 3253 and 3281 G (0.3253 and 0.3281 tesla) is typical for the oxidized state and has been seen in a number of preparations and organisms (3) (4) (5) . We have recently identified this species as an iron-sulfur (Fe-S) protein of the general type of "high-potential" Fe-S proteins (Hipip) (6) . The unidentified signal with peaks at 3227 and 3309 G (0.3227 and 0.3309 tesla) characteristically only appeared at states of partial reduction and disappeared again on full reduction (see ref. 1 , Fig. 1 and ref. 2 , Fig. 5 ), i.e., it behaved as expected of a two-electron acceptor, such as a semiquinone. However, the same behavior might be shown if the signal were due to the interaction of a reduced and an oxidized paramagnetic species. The temperature sensitivity of the signal is typical for transition metals rather than for semiquinones, but metal components that are two-electron acceptors are not known to occur at the required concentration in heart. It seemed possible, therefore, that the signal might arise from the interaction of semiquinone species or a semiquinone and metal. In submitochondrial particles (ETP) semiquinones may be formed from flavin or ubiquinone (Q). Since the signal was not observed in partly reduced flavoproteins of mitochondrial origin that are low in Q, such as succinate-Q reductase (Complex II), or in nonmitochondrial (metal -) flavoproteins, our attention was focussed on Q.
Baickstr6m et al. (7) have shown that the intensity of the free radical signal in partly reduced submitochondrial particles is decreased after removal and restored after reincorporation of Q into the particles. By GHz of two ETP samples that are at a somewhat different oxidation state and hence show the signals of Hipip and the unknown lines at a different state of development. The 9.2 GHz spectra of the same samples are shown in Fig. 2A and B. As can be seen from the intensity of the line at 3427 G (0.3427 tesla), which represents reduced Fe-S center 2 of DPNH dehydrogenase, sample B (D) is more reduced. Both sets of spectra, those recorded at low and high frequency, are presented with the same expansion of the abscissa (gauss), so that the line of center 2 at 3427 G (0.3427 tesla) would be off to the right in the 33.9 GHz spectra C and D. For orientation, the sample of curves A and C is shown in Fig. 2E in a recording at 33.9 GHz, but at a 2.5-fold condensed scale on the abscissa so that reduced center 2 [3427 G (0.3427 tesla) at 9.2 GHz] is again in the field to the right.
If we were dealing with anisotropic features of a single paramagnetic species and if we assume the same field position for the center of the lines at both frequencies, they should appear in the 33.9 GHz spectra where indicated by broken arrows (Fig. 2C-E) . No lines are seen in these regions. There are, however, two weak lines, particularly visible in Fig. 2C , which are symmetrically disposed around the center of the Hipip and semiquinone signals with a separation of -82 G ('%0.0082 tesla). We assume that these lines correspond to those observed at 9.2 GHz with an 82 G (0.0082 tesla) separation. We have seen these lines consistently in computer-averaged spectra of a number of samples, excluding any fortuitous appearance. Type of interaction ( Fig. 3; with Complex II the characteristic signal has only been observed under these conditions). With Complex II, interference by copper and iron-sulfur protein signals is minimal. All the lines observed in the lower spectrum of Fig. 3 must be considered, therefore. Computer simulation of spectrum It is possible to see from the experimental spectra shown in Figs. 1-3 that the previously unidentified spectra arise from dipole-dipole interactions between two S = i species. This becomes obvious when the superimposed EPR spectrum for noninteracting Hipip (Fig. 4A) is subtracted from the experimental spectrum, leaving a spectrum similar to that shown in Fig. 4B . Such a spectrum is reminiscent of the spectra observed in wideline nuclear magnetic resonance for two dipolar coupled protons (see ref. 12), with only a slight additional anisotropy.
The situation here differs from the case of two coupled protons in two important respects: (i) the g-tensors of the interacting spin systems can be anisotropic and (ii) the interacting spin systems have dimensions of the same order as the distance between them. Because both of these features only complicate the mathematics and add little to our present understanding, we will begin by describing the spectra to be expected from two point electrons with identical isotropicgtensors, interacting by means of the magnetic dipole-dipole interaction. The added complications caused by the electrons having anisotropic g-tensors and distributed moments will be discussed last. The former case is exactly analogous to the case of two dipolar-coupled protons and the reader is referred to any text on nuclear magnetic resonance in the solid phase for a detailed treatment of the physics involved (see ref. 13) . Interpreting the nuclear magnetic resonance results in terms of electrons, the dipole coupling yields a pair of lines located at magnetic fields given by H = Ho :1 3gfl(1-3 cos2O)/4r3 [1] Proc. Nat. Acad. where Ho = hv/g13, r is the distance between species, and 9 is the angle between r and the applied magnetic field. where r12 is the separation between the two point electron and /l and $2 are their magnetic moments, respectively. In the case at hand, if such an interaction is to be responsible for the structure in the EPR spectrum, the distance between the interacting spin systems must be of the same order as the dimensions of the unpaired electron distributions themselves; i.e., the magnitude of the interaction required is such that r12 must be less than 8 A. Thus, it is necessary to take the expectation value of the above interaction over the unpaired-electron distributions, which at the moment are unknown. For the sake of simplicity, we will assume that the distribution has an axis of symmetry; hindsight will show that this assumption introduces errors in a synthesized spectrum less than an individual linewidth.
The Hamiltonian operator representing the above interaction is a second-rank tensor which can be decoupled and written as a product of a space part and a spin part. Invoking the spherical harmonic addition theorem, one can then integrate over the space part, and under the assumptions of axial symmetry and negligible g-value anisotropy this yields an effective spin Hamiltonian:
-D(1-3 cos2O)(S1+ S2 + Si S2+)/4 [2] where 9 is the angle between the axis of symmetry of the unpaired-electron distribution and the applied magnetic field and D is the expectation value of the axial term of the dipole-dipole interactions over the unpaired electron distribution, D = (glg2/32/2)((3z212 -r212)/r512) with Z12 being the component of r12 along the symmetry axis of the unpairedelectron distribution.
With the insight provided by the above, a computer program was written in which the g-tensors for each species were permitted to be anisotropic and different from each other and r was permitted to take on any fixed orientation with respect to these g-tensors. (It should be noted that when the spin systems become nonidentical, the eigenfunctions are no longer pure singlet and triplet and the locations of the resonance lines and their intensities are no longer given by the expressions in the previous discussion.) The computer program treated the dipolar interaction by first-order degenerate perturbation theory, calculated the energies and transition probabilities, summed the resulting spectra from a representative set of orientations, and then convolved the resulting stick-spectrum with a derivative Gaussian line-shape to obtain the synthesized spectra as in Fig. 4B . To this spectrum for two interacting species must be added the spectrum for noninteracting Hipip (Fig. 4A) and possibly for. noninteracting SQ (Fig. 4G ) in unknown amounts before a comparison with the experimental spectrum is possible.
Numerous spectra were calculated, and the "best fit" to the spectrum in Fig. 3 from Complex II plus SQ is shown in Fig. 5A . This spectrum assumes the following model: The experimental spectrum is composed of three different components: (i) noninteracting Hipip (Fig. 4A); (ii) dipole coupled pairs of SQ (Fig. 4B) assumed to have axialg-tensors (gal = 2.0066, gI = 2.0041) with r along gil of both centers; and ((3Z212 -r2l2)/r5l2) = (1/7.71 A)3; and (iii) noninteracting SQ (Fig. 4G ). These three components are then summed in the ratio of the numbers of species of 1.4:1.0:0.125 for Hipip, interacting SQ, and noninteracting SQ, respectively.
Although this model fits the data rather well, a slightly different model cannot be ruled out. This model, whose calculated spectrum is shown in Fig. 5B , also consists of a weighted sum. Here 1.4 units of Hipip are added to 1.0 unit of dipole interacting Hipip-SQ centers under the assumptions that the Hipip g-tensor is given by g, = 1.9897, gy = 2.0108, gz = 2.0190 with linewidths at half maximum given by LX = 25 G (25 X 10-4 tesla), LY = 15 G (15 X 10-4 tesla), Lz = 7 G (7 X 10-4 tesla); the SQ g-tensor and linewidths are given by gjl = 2.0066, gI = 2.0041, Ljj = 8 G (8 X 10-4 tesla), LI = 11.5 G (11.5 X 10-4 tesla); and the interaction parameter ((3Z212 -r212)/r512) = (1/7.71 A)3 with the axis of symmetry oriented 300 away from y toward the z axis.
The spectrum shown has some similarities to the experimental data. However, the overall quality of the fit to the data is not as good as the first model. In particular, the lowfield part Biochemistry: Ruzicka et (Fig. 3) . (A) The composite spectrum obtained by summing the spectra of Fig. 4A , B, and C in the ratio 1. Fig.  5C . As one would expect from g-tensors so nearly equivalent, the exchange interaction has very little effect on the calculated shape of the EPR spectrum (the reader is reminded that an exchange interaction between identical spins has no effect on the transition energies) and does not show the splittings seen in the experimental spectra.
The accuracy of all the spectra calculated depends on the validity of the assumptions and approximations made. The first basic approximation made is that the moments are aligned along the spin directions in computing the dipoledipole interaction. This introduces errors on the order of (,u/r3)(Ag/g), which for this calculation are less than 1 G (10-4 tesla). The second assumption was that the spin distribution has an axis of symmetry that reduced the dipole-dipole interaction to those terms shown in Eq. 2. If this is not the case, there are additional terms that enter as secondorder corrections to the energies. These latter corrections are of the order of (g2f32/r3)2/gf3H, which is 1.5 G (1.5 X 10-4 tesla). Thus, we see that the approximations made in the spectral simulations introduce errors much less than the linewidths. Identity of interacting species The following evidence implicates SQ as one of the reaction partners: (i) We have never detected the typical EPR signal in ETP from which Q had been extracted, but after reincorporation of Q the signal can again be elicited. (ii) We have never observed the signal in Complex II, which does not contain significant amounts of Q, -except on reoxidation of reduced Complex II with added Q. The evidence for the identity of the second reaction partner is ambiguous at this time. Although the consistently observed association of the typical EPR signal with the membrane-bound Hipip species suggests that Hipip is involved in the interaction, this does not prove that Hipip is necessarily the immediate reaction partner. Since the g-values of the Hipip and SQ signals are very similar and since we do not know in which way these values may be changed on interaction, we can only draw conclusions on the basis of the spectra of the noninteracting species, and doing so, our present computer simulations come out in favor of SQ-semiquinone interaction over SQHipip interaction (compare Fig. 5A and B) . Again, however, the identity of the second semiquinone species is not clear. The EPR signals of flavin semiquinone and SQ are sufficiently similar that either possibility is open. In our opinion the ambiguity concerning the second interacting partner can only be resolved when the characteristic signal is found in submitochondrial fractions in which flavin or Hipip or both are clearly absent. Since verification of any of the three possibilities that we propose here would introduce new aspects into considerations of mechanisms of mitochondrial electron transfer, we would like to communicate our findings at this stage. It seems particularly significant to us that the typical signals of interacting SQ are observed in whole heart tissue. EPR spectroscopy thus provides a means to verify the existence, and possibly also to study the function, of SQ in mitochondria or whole tissue where optical methods cannot be applied at this time.
